Introduction
Since their discovery, transposable elements (TEs) have given rise to many studies about their population dynamics and the forces which maintain them in genomes and populations (Charlesworth and Langley, 1991; Biemont, 1992) . It has been theoretically proposed that the transpositional increase in TE copy number in the Drosophila genome may be opposed by either the regulation of the rate of transposition with increasing copy number (Charlesworth and Charlesworth, 1983) or selection against their insertions (Charlesworth and Charlesworth, 1983; Montgomery et al., 1987; Langley et al, 1988; Charlesworth and Langley, 1991) . Under the selection model, TE insertion sites are supposed either to have a low negative selective coefficient, or to be associated with dominant deleterious effects resulting from Laboratoire de Biometrie, Genetique, Biologie des populations, UMR 5558, Universile Lyon I, 69622 Villeurbanne Cedex, France ' To whom correspondence should be addressed chromosomal rearrangements due to recombinational events (ectopic exchanges) between the insertions distributed all over the genome (Langley et al., 1988) . To test such hypotheses and improve our knowledge on the population dynamics of TEs, many data on the distribution of various TEs in the host genome are needed. Although data on TE localizations along the Drosophila polytene chromosomes are accumulating, they are scattered in the literature. Authors generally test models of TE dynamics with their own data set, which is usually restricted to one population.
To manage the total amount of data available, we have built a knowledge base, called DROSOPOSON. This base was developed with an object model of representation which is particularly powerful for representing biological concepts in the most natural way, and facilitates the manipulation of lists, an essential structure in this base. For instance, it has been used to develop knowledge bases in systematics (Gautier and Pave, 1990) , molecular biology (Perriere and Gautier, 1993; Perriere et al, 1993) and ecological data analysis (Chevenet, 1994) . Available data (from the literature, personal communications, FlyBase) on the chromosomal localization of TE insertions (15 TEs) in the Drosophila genome and on features of the polytene chromosomes (DNA content, recombination rate, etc.) are the core of DROSO-POSON. The graphical tools and statistics associated with the knowledge base can be used either on data from the base or for new data. As an example, we have analysed on a data set the relationship between TE distribution and DNA content along the chromosomes.
System and methods
The system runs on Sun workstation under Solaris (Version 2.4). All the program sources, knowledge base schemes and data are available through anonymous ftp at biom3.univlyonl.fr or upon request to the authors (hoogland@biomser-v.univ-lyonl.fr). The software is written in Lisp (Le_Lisp by ILOG, 1992a) .
by INR1A and the ARTEMIS laboratory in Grenoble, France. The representation in SHIRKA is made with schemes derived from Minsky's frames (1975) . In this system, there are two kinds of schemes: classes and instances. A class describes a set of objects which have the same structure and properties. Therefore, a class is a prototype that generalizes possible available information on related objects. The specific objects known for a class are called instances, which are characterized by a set of values. The class scheme pools in the same structure the position of the class in the hierarchy of the base, the description of the class by a list of slots, and the characterization of the slots with a set of facets. The facets can set value to a slot directly or through inference mechanisms such as inheritance, default value or procedural attachment. To build a knowledge base with SHIRKA consists then of formalizing the biological concepts to be represented, and writing the corresponding classes, slots and instances.
Knowledge base structure
The concepts represented in DROSOPOSON concern the chromosomal localization of TE insertions in the Drosophila genome. The experimental data correspond to insertion sites along the polytene chromosomes for a given TE, in a given genome, from a given population. In some cases, several TEs are available for a given population. In many published works, in which individual information is not accessible, only cumulative distributions of several genomes are available. Sometimes, we only have the total copy number for a genome or a population, and not the set of insertion sites. Taking into account all these possibilities, we have formalized the different levels experimentally available.
The hierarchical structure of the base concerning the TE localization is schematized in Figure 1 . TEs are divided into three groups according to their DNA sequence structure and transposition mechanism: retrotransposons, retroposons and transposons. The first two elements transpose via an RNA intermediate and differ by the presence (retrotransposon) or absence (retroposon) of long terminal repeats (LTRs) at their extremities. The third group (transposon) transposes directly from DNA to DNA. In the base, these three groups are the subclasses of the element class, whose slots are names (some elements have two synonyms), length of the sequence, and references. For the retrotransposon class, there are two extra slots specific for this class: LTR-type (there are two kinds of LTRs), ORFs-order (the three open reading frames are not ordered in the same way in all the sequences). The insertion class has two slots: element (the TE studied) and site [the region of the chromosomes, according to the Bridges' maps (1935) , where the TE is localized]. In this way, we can represent either several sites for one TE or several TEs in one site. The insertion-frequency class represents an insertion and its frequency. Since, among the analysed genomes, the experimental data can be of several types, we introduced the data class for which slots are element, number-of-genomes that are analysed for this TE, comments and references. The data class has two subclasses: distribution-aggregated and distribution-per-genome. The distribution-aggregated subclass represents the cumulative distribution of several individuals, so the major slot is the list of insertion frequencies observed. The distribution-per-genome class has three subclasses, depending on the kind of genomes analysed: distribution-of-haploids, distribution-of-diploids, distribution-of-reconstituted-diploids.
Experimentally, the insertion sites are revealed by in situ hybridization on polytene chromosomes. Unfortunately, the probe covers both homologous chromosomes, so homozygous and heterozygous insertion sites cannot be distinguished. Specific experimental procedures need to be used to overcome this problem. Indeed, the individuals to be analysed can be crossed either with a strain having no insertion of the TE analysed or a well-characterized pattern of insertions, or with a special strain like balancers. The two sets of homologous chromosomes can be obtained by these methods. We thus introduced the reconstituted-diploid class for this last kind of data, and the true-diploid class for diploid genomes in which the two homologous chromosomes were not distinguished. A true-diploid thus pools the list of insertions observed, whereas a reconstituted-diploid pools the two haploid-genome, each pooling the list of insertions observed. Finally, the population class pools all the TEs (by a list of data) analysed for a given population and some descriptive characteristics: Drosophila species, type to specify whether the population is from a single or several origin(s), date of capture, geographical origin. There are four subclasses for the population class: laboratory-strain, injected-line, inbred-line, natural-population. The partition into subclasses for the data and population classes was made necessary by the use of statistical methods which may differ for each class.
User interface
The user interface built for DROSOPOSON was written with the interface generator Aida, an extension of Le_Lisp developed by ILOG (1992b) . This environment has predefined objects, like buttons, selectors, text and curve editors, that can be managed to develop specialized and friendly interfaces. The use of DROSOPOSON does not, therefore, require computer language knowledge; only the usual vocabulary on TEs and the Drosophila genome is necessary. The main entry point consists of a window (Figure 2 ) which displays simultaneously the user's choices of population(s), transposable element(s) and point of view. It is also possible to work with a personal data set: if data are not in a text file, they could be edited interactively. At the end of the session, the user chooses whether or not to record these new data in the base. consists of consultation of the data gathered, giving access, for example, to mean TE copy number, mean occupancy frequency, insertion distribution along the chromosomes. This gives a global view, with tables and graphs, about a topic without interpretation, and allows some visual comparisons to be made between several populations or TEs. A second way allows users to analyse statistically the TE insertion distribution along the chromosome arms in relation to chromosomal features and theoretical models of TE dynamics.
Statistics
The distribution of TE insertions along the chromosome arms is analysed by non-parametric statistics. The chromosome arms are cut into 120 parts following Bridges' subdivisions. The presence of an insertion site is denoted by 1 and its absence by 0. The distribution of 1 and 0 along the chromosomes is analysed by five non-parametric statistics based on the ranks of the 1 in the ordered sequence. These statistics are: (1) the sum of ranks, to detect an accumulation of sites at one of the extremities of the chromosome arm; (2) the number of runs, to test whether the distribution is regular or by blocks; (3) the longest run, to detect a local accumulation; (4) the multiple pool, to detect aggregation of sites in several locations; and (5) the variance of ranks, to test an accumulation of sites either in the middle or at the two ends of the arm (details of calculation are given in Aulard et al., 1995) . For all of these statistics, the null hypothesis is the random distribution of insertion sites over the chromosomes. In the case of several populations pooled together, the analysis is carried out for each population independently, and then a cumulative statistic is given following the Central Limit Theorem. To analyse the TE insertion distribution in relation to the chromosomal features, the insertion site number can be correlated with DNA content, recombination rate, spontaneous breakpoint number or DNA-binding protein site number along the chromosomes, by using the Spearman's rank correlation coefficient with correction in case of ties (Lehmann, 1975) .
Implementation

Data included
The TE insertion localization data are given at the lettered Bridges' subdivision level, as obtained by in situ hybridization on the polytene chromosomes following the Lefevre (1976) and Sorsa (1988) integrated in the base (see the references in Table I ). Data concerning genome features were extracted from FlyBase or the Drosophila literature. DROSOPOSON thus gives DNA content (Bolshakov et al, 1985; Sorsa, 1988) , recombination rate (FlyBase), spontaneous breakpoint number (Lemeunier and Aulard, 1992) , DNA-binding protein site number (FlyBase), all available for each Bridges' division along the D.melanogaster chromosome arms. The introduction of new data in the base is made possible from text files or simultaneous edition. The process for including the new data is by a dialog between DROSOPO-SON and the user, to enter the detailed descriptions of the new data: species, geographical origin, date of capture, references, kind of population, kind of genomes, etc. A syntactic control is used for the chromosomal localizations given, then when a value is not valid, the user is invited to correct it. The corresponding instances are then created automatically. The base is maintained in this way when data appear in the literature.
Analysis of the insertion site distribution along the chromosomes
The understanding of TE population dynamics needs data on (147) 0.12 -1.91
1.27 -0.85 SR, sum of ranks; NR, number of runs; MP, multiple pools; VR, variance of ranks (see the text for details). Statistics are given according to the formula which according to the Central Limit Theorem is normally distributed. For each of the n samples of data, 5, is the observed value for the ith sample, £(5,) and Var(5,) are its mean and its variance, respectively. The numbers of insertion sites observed are in parentheses. Significance levels: * P < 0.05; **P < 0.01 (one-tailed test). the way TE insertions are distributed over the host genome, to know whether TE insertions are distributed randomly over the chromosomes or are inserted in some preferential regions. To answer these questions, DROSOPOSON proposes to analyse the distribution of the insertion sites, with the five nonparametric statistics detailed above, based on their ranks in the ordered sequence along the chromosomes. As an example, we present the insertion site frequency distributions of the copia element in genomes from seven different populations (six analysed for the X chromosome, five for the 2L, and four for the 2R, 3L and 3R arms). Figure 3 represents the distribution of insertion sites for this set of populations pooled together. This graphical representation shows that the region 7C is common to the six populations analysed for the X chromosome; 30C and 38C are common to the five populations for the 2L arm; finally, for the other arms, there are several sites common to the four populations analysed (four on the 2R, nine on the 3L, four on the 3R). The analysis of these distributions by non-parametric statistics detects (Table II) some significant structures in the partition of the insertion sites along the X chromosome, with gaps separated by blocks of insertions (revealed by number of runs and multiple pool tests) and a tendency toward accumulation at the tip (revealed by sum of ranks). This latter result can be attributed, however, to the particular distribution of copia in one of the six populations. Along the 3L arm, the multiple pool test detects some points of aggregation in the insertion site distribution. For the other three arms, no significant structure emerges. The insertion sites can thus be considered to be randomly distributed along these chromosome arms.
Analysis of the relationship between insertion site number and DNA content
The question whether the chromosome features play a major role in favouring or inhibiting TE insertions along the chromosomal arms is still a matter of speculation. The integration in DROSOPOSON of data such as DNA content, recombination rate, spontaneous breakpoint number, and DNA-binding protein site number, thus allows us to initialize some answers in this area. Figure 4 represents the relationship between TE insertion site number and DNA content along the five chromosome arms for one population (all TEs pooled). The Spearman's rank correlation coefficient (Table III) reveals a significant positive correlation between these two distributions along the Drosophila polytene chromosomes. This result is valid whatever the TEs or populations checked. Since DNA content is not distributed homogeneously along the chromosomes (Hoogland and Biemont, 1996) , we have to keep such a conclusion in mind when testing other correlations.
Discussion
By clustering our knowledge on the distributions of TE insertion sites and chromosome features in the Drosophila genome with a friendly interface, DROSOPOSON allows users to get a rapid view of the information available about a given TE in a given population or in a pool of populations. DROSOPOSON can thus be used to test models of containment of TE copy number in genomes and populations. Searching for a relationship between TE insertion site number and recombination rate is indeed a way of testing the ectopic exchange model (Langley et al, 1988) , for which a negative correlation is expected between the two variables. By working on the whole set of data available in DROSOPO-SON, it has been shown that recombinational events between insertion sites (the ectopic exchange model) are not the main factor involved in the regulation of TE copy number (Hoogland and Biemont, 1996) , contrary to what is suggested by other authors (Langley et al., 1988; Charlesworth et al., 1992b Charlesworth et al., , 1994a Sniegowski and Charlesworth, 1994) . The graphical and statistical applications available in DROSOPOSON provide useful tools to describe new data samples from the melanogaster group of species: melanogaster, simulans, mauritiana, sechellia. Mean TE copy number, common insertion sites, insertion site frequencies and insertion site distribution along the chromosome arms in these new samples can thus be compared with the data already included in DROSOPOSON for other TEs, populations or species.
